In higher primates, the mechanisms that govern the ontogeny of gonadotropin-releasing hormone pulse generator activity and that, therefore, dictate the timing of the onset of puberty remain intriguingly elusive. Groups of three infant agonadal male monkeys were treated with sex steroids [17␤-estradiol (E 2 ), testosterone (T), or dihydrotestosterone (DHT)] for the first year of life to advance bone age (BA). E 2 and T resulted in a significant advancement of BA, and a pubertal BA of 130 wk was attained at a mean chronological age of 64 and 67 wk, respectively. In contrast, DHT failed to advance BA during treatment but stimulated linear growth. All animals exhibited a pubertal resurgence in LH secretion, but the timing of this developmental event did not differ between treatment and control groups (the mean for all animals was 117.7 Ϯ 8.9 wk). Two of the three T-treated animals, however, displayed a pubertal LH resurgence at a remarkably young age (70 and 76 wk of age) that coincided with T withdrawal. During the period of steroid treatment, all three groups were significantly heavier than the controls. The rate of body weight gain was most rapid in the DHT-treated group. Steroid treatments also resulted in accelerated linear growth.
Puberty in humans is composed of two developmental processes: gonadarche and adrenarche (1) . The pivotal of these two developmental events, gonadarche, is triggered by a resurgence in pulsatile gonadotropin-releasing hormone (GnRH) release, which has been held in a state of check since infancy (2) . It has long been assumed that a certain degree of growth and somatic maturation must be achieved for puberty to unfold (3) , and the concept of a central neural growth-tracking mechanism or somatometer capable of coordinating the pubertal resurgence of pulsatile GnRH release with the attainment of an adult soma has been postulated (4) . Several putative peripheral signals of somatic development that may be tracked by the somatometer have been proposed. It has been argued that changes in the fat:lean ratio during development modify circulating levels of gonadal hormones, which, in turn, influence the brain (5) . It has also been suggested that the somatic signal may be mediated by a change in circulating concentrations of a metabolic substrate or hormone (6) . The observations in humans that relate maturation of the skeleton to the onset of puberty (7, 8) provide a third possibility: that a substance that is synthesized and secreted by developing bone may be responsible for imposing the prepubertal hiatus in pulsatile GnRH release. In a normal population, the temporal sequence of postnatal developmental changes in the skeleton are related to chronological age (CA); therefore, all stages of skeletal maturity may be expressed as bone age (BA) (9, 10) . In this regard, it of interest to note that in both human and nonhuman primates, the earlier onset of puberty in females is associated with a more rapid rate of skeletal maturation (11, 12) and that menarche in girls is more tightly coupled to BA than it is to CA (7, 8) . Moreover, in children with constitutional delay of growth and maturation or true isolated growth hormone deficiency, gonadarche occurs at a late CA but at normal BA (13) . Conversely, when skeletal maturation is advanced early in life as a result of chronic exposure to high levels of androgens that result from endocrinopathies such as congenital adrenal hyperplasia (14, 15) and familial testotoxicosis (15, 16) GnRH-dependent precocious gonadarche may be observed. Here it should be noted that the association between BA and puberty may reflect the effect of sex steroids on BA rather than the effect of bone maturity on puberty. Although the correlation between BA and the onset of puberty is well documented, it has been historically dismissed as a possible causal event leading to the onset of sexual maturation (17) . Very recently, however, Flor-Cisneros et al. (15) suggested that the synchrony between maturation of the skeleton and the hypothalamicpituitary-gonadal axis in boys with abnormal developmental tempo is consistent with the hypothesis that skeletal maturation influences hypothalamic-pituitary-gonadal axis maturation. In this regard, bone and epiphyseal cartilage produce and release peptides into the systemic circulation (18, 19) , and these or other factors therefore might serve as endocrine cues of bone maturation.
In an attempt to address the possible role that skeletal maturation may play in the timing of the onset of gonadarche in higher primates, the present study of the rhesus monkey was conducted to determine whether hormonally induced changes in skeletal maturation are associated with alteration in the timing of the onset of the pubertal resurgence in pulsatile GnRH release. Small groups of agonadal male monkeys were treated with 17␤-estradiol (E 2 ), testosterone (T), or dihydrotestosterone (DHT) for periods of 55-70 wk. The animals were followed thereafter until the pubertal resurgence of pulsatile GnRH release, as reflected by circulating LH concentrations, was identified. Weekly blood samples were taken to monitor steroid and gonadotropin concentrations. Approximately monthly measures of body weight, crown-to-rump lengths (CRLs), and x-rays of the hands and wrists were taken to relate these indices of growth and somatic development to the time of the pubertal resurgence of pulsatile LH secretion.
METHODS

Animals
Twelve neonatal male rhesus monkeys, produced by the breeding program of the Center for Research in Reproductive Physiology, were maintained as previously described (20) in a controlled photoperiod (lights on 0600 -1800 h).
Neonates were housed with their mothers until 24 wk of age, at which time they were separated from their mothers and subsequently housed with an age-matched female. Food (Lab Diet Purina Monkey Chow #5045; PMI Nutrition Int., Inc., Brentwood, MO) and water were provided ad libitum. Fresh fruits and vegetables were provided as a nutritional supplement. Morning blood samples (3 mL) were collected as plasma by femoral venipuncture at weekly intervals, and plasma was stored at Ϫ20°C until assayed. The animals received an i.m. injection of 25 mg of Iron-Dextran (Phoenix Pharmaceuticals, Inc., St. Joseph, MO) once a month to maintain hematocrit. The animals were maintained in accordance with National Institutes of Health Guidelines for the Care and Use of Experimental Animals, and the experiments were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Hormone Assays
Plasma T and DHT were measured using a previously described RIA system that uses antibody GDN S-250 and detects both androgens (20) . The interassay and the average intra-assay coefficients of variation for the androgen RIA were 9.6 and 8.0% (range 2.3-18.7%), respectively. E 2 was assayed using a previously described RIA that uses antibody GDN-244 (21) . Plasma LH was measured using a previously described RIA (22) that uses a cynomolgus LH-anti-human CG antibody (R13) and rhesus pituitary LH preparation, WDP-Rh-LH-RP-1, as standard. The sensitivity of the LH assay ranged from 6.1 to 13.7 ng LH/mL plasma. The interassay coefficient of variation was 1.4%, and the intra-assay coefficient of variation was 7.8%.
Steroid Treatments
Steroid treatment was achieved using s.c. implanted Silastic capsules. For 
Parameters of Somatic Development
Linear dimension and body weight. CRL was measured under ketamine sedation (40 -60 mg/kg i.m.; Vetalar; Parke-Davis & Co., Morris Plains, NJ) using a custom-designed device that allowed the animals to be positioned in a consistent manner for each measurement. Body weight was measured using a top-loading scale.
Bone age. X-rays of the hands and wrists were taken while the animals were sedated for measurement of linear dimensions. For this purpose, the hands and wrists were positioned on a photographic plate and the rest of the body was protected from radiation by a lead shield. BA was estimated from x-rays using the atlas of Michejda (12) for the rhesus monkey. In this procedure, the size and shape of various carpal ossification centers and the order of appearance of epiphyseal fusion are evaluated qualitatively. This atlas is based on gonadally intact monkeys, and, for the present purpose, skeletal maturation in agonadal and intact animals before the pubertal resurgence of hypothalamic GnRH release was assumed to be comparable.
Size age. The relationship between body weight and CA in agonadal male rhesus monkeys was established using data from the present control animals, in combination with those obtained from similar monkeys in a previous study (20) . This relationship provided a standard curve from which to obtain a post hoc estimate of size age (SA) for the steroid-treated animals ( Fig. 1 ).
Experimental Design
At 1-3 wk of age, neonatal monkeys were bilaterally orchidectomized under ketamine anesthesia (125 mg/kg) using sterile technique. At the time of surgery, the experimental animals received an s.c. implant of steroidcontaining Silastic capsules. Control animals received an implant of blank Silastic capsules. Capsule dimensions that produced plasma E 2 concentrations of~0.3 nM [within the range of late follicular-phase serum concentrations in adult female rhesus monkeys (23)] and plasma androgen concentrations of~70 nM [comparable to peak nocturnal testosterone concentrations in normal adult male rhesus monkeys; (21)] in E 2 -and T-treated animals, respectively, were 142 FRASER ET AL.
selected. E 2 levels were not measured in T-treated monkeys. Blood samples were collected weekly, and, when so indicated by RIA results, the number of steroid-containing capsules was adjusted to maintain the desired circulating steroid concentrations. Body weight was assessed weekly, and BA and other somatic measurements were taken once a month.
The pubertal resurgence of hypothalamic GnRH as reflected by LH release occurs at a CA of~130 wk in untreated agonadal male rhesus monkeys (20) ; therefore, the intent of the steroid treatments was to achieve a BA of 130 wk precociously. Upon attainment of this target BA, steroid-containing Silastic capsules were removed and blood samples were taken at weekly intervals to monitor plasma LH concentrations. The resurgence of LH secretion was formally identified by a modification of a previously described algorithm (24) . The threshold value by which circulating LH concentrations (5 wk moving average) had to increase, however, was elevated from 1.75-2.25 to reduce false positives that might arise from the less frequent assessment of circulating LH concentrations in the present study. Animals in each group were tracked until the entire group had exhibited a resurgence in LH secretion, and the overall duration of the study differed between groups.
Numerical Analysis
Data were analyzed using linear regression, two-way ANOVA, or the t test. The ANOVA calculations did not include repeated measures as a parameter because the low numbers of animals per group did not warrant the additional statistical power afforded by this method. For numerical analysis of the BA data, the x-rays were coded and re-read in a blinded manner. For statistical analyses, all somatic development data were organized by treatment and posttreatment periods. A p Ͻ 0.05 was considered significant. During the course of the study, one control animal and one DHT animal were lost to unidentified illness (at 72 and 118 wk of age, respectively).
RESULTS
Effects of gonadal steroid treatments on BA. As anticipated, BA in control animals progressed in a linear manner (r 2 ϭ 0.97) until a CA of 130 wk (the pubertal BA). E 2 and T treatments resulted in a significant advancement of BA (Fig. 2) , as reflected by a significantly greater slope of the regressions of BA upon CA during steroid treatment (p Ͻ 0.05) and by monthly BA values greater than those of controls (p Ͻ 0.05). In E 2 -and T-treated animals, the pubertal BA of 130 wk was attained at a CA of 64.0 Ϯ 3.5 and 66.6 Ϯ 1.4 wk (mean Ϯ SEM), respectively. It should be noted that, in the E 2 -treated group, steroid capsules were removed at 55 wk of CA (i.e. before the attainment of the pubertal BA) on the basis of BA assessments made at that time and before x-rays were blinded for formal analysis. The steroid-containing capsules from Ttreated monkeys were removed at a CA of 70 wk, i.e. immediately after attaining a pubertal BA. In striking contrast to the effects of E 2 and T, DHT treatment for 55 wk failed to significantly advance BA (Fig. 2) . However, BA in DHTtreated animals did seem to diverge from the control group during the last 5-10 wk of treatment, and withdrawal of this steroid was associated with a robust acceleration in skeletal maturation (Fig. 2) . This effect of DHT withdrawal was reflected by a significantly greater slope of the regression of BA upon CA during the first year after DHT withdrawal when compared with the corresponding period for controls (p Ͻ 0.05). By 99 wk of CA, the DHT-treated animals had attained the pubertal BA (Fig. 2) . After attainment of the pubertal BA in all groups, BA advancement seemed to plateau (Fig. 2) .
Effect of gonadal steroid treatments on the timing of the pubertal resurgence in LH secretion. All animals exhibited a pubertal resurgence in LH secretion, and there were no significant differences between groups in the timing of this devel- Figure 1 . The relationship between body weight and CA that was used as the standard curve for estimating SA. The solid line is the combination of two linear regressions from 2-53 and 53-150 wk of age of five-point smoothed, mean body weight data from the two control animals of this study and four similar animals from a previous study (20) . The overlying dotted line represents the mean data (n ϭ 6) from which the standard curve was derived. The vertical and horizontal stippled lines illustrate that an animal with a body weight of 3315 g is assigned an SA of 130 wk. 
, T, DHT, and control animals, respectively). When data from individual monkeys were examined, however, it became evident that two of the three T-treated animals exhibited a pubertal resurgence in LH secretion at a remarkably young CA of 73.0 Ϯ 3.0 wk (Fig. 3 for example) . This coincided with withdrawal of T treatment. The pubertal mode of LH secretion in these two animals was interrupted by a transient hiatus between~90 and 120 wk of CA (see Fig. 3 for example).
Effect of gonadal steroid treatments on SA. All steroid treatments advanced SA in a linear manner (p Ͻ 0.05), and this progression was maintained after steroid withdrawal (Fig. 4) . The pubertal SA in the E 2 , T, and DHT groups was achieved at a significantly (p Ͻ 0.05) earlier CA (89.6 Ϯ 8.2, 91.3 Ϯ 23.4, and 115.5 Ϯ 62.6 wk, respectively) than in the control group (151.0 Ϯ 9.0 wk). SA progression in control animals was also linear throughout the course of the study (r 2 ϭ 0.99). Unlike BA, SA continued to advance beyond attainment of pubertal SA in all animals.
Effects of gonadal steroid treatments on linear body growth. As reflected by CRL, growth velocity in all three steroid-treated groups was significantly greater than that in the control animals (p Ͻ 0.05; Fig. 5 ). The pubertal CRL in E 2 -and T-treated groups (68.0 Ϯ 2.3 and 70.6 Ϯ 18.7 wk, respectively) was achieved at a significantly earlier CA than in the control group (125.0 Ϯ 10.0 wk; p Ͻ 0.05). Although the DHT-treated animals attained pubertal CRL earlier than the control animals (75.5 Ϯ 20.5 versus 125.0 Ϯ 10.0 wk), the difference was not significant.
Interactions between somatic indices and pubertal resurgence in LH secretion. The steroid-treated and control animals attained, on average, a pubertal BA at 85.3 Ϯ 8.9 wk of CA, and this was significantly earlier (p Ͻ 0.05) than CA at pubertal LH resurgence (117.7 Ϯ 8.9 wk). Linear regression analysis failed to reveal a direct relationship between BA and CA of pubertal LH secretion (r 2 ϭ 0.07). However, a remarkably close association was observed between the onset of pubertal LH secretion and pubertal BA in two of the T-treated monkeys (M1979 and M2004), in which attainment of pubertal BA at 68 and 67 wk of age was immediately followed by a progression into puberty at 76 and 70 wk of age, respectively.
CA at attainment of pubertal SA for steroid-treated and control animals was not significantly different from CA of pubertal LH secretion (107.8 Ϯ 13.8 versus 117.7 Ϯ 8.9 wk). Moreover, linear regression revealed a significant relationship between CA at pubertal SA and CA at pubertal LH secretion (p Ͻ 0.05; Fig. 6 ). Conversely, the average CA at attainment of pubertal CRL was significantly different from CA of pubertal LH secretion for treated and control animals (p Ͻ 0.05). Furthermore, the linear regression of CA at pubertal CRL on CA at pubertal LH secretion was not significant (r 2 ϭ 0.23; Fig. 7) . It is interesting to note that in all three T-treated animals, a highly significant correlation was observed between the CA of pubertal LH secretion and CA at the attainment of both pubertal SA and pubertal CRL (slope: 1.08 and 0.86, respectively; r 2 ϭ 0.99 in both cases; p Ͻ 0.05), irrespective of the CA at which pubertal BA was attained (Table 1) .
DISCUSSION
As expected, in the present study, skeletal maturation in the control animals proceeded in a linear manner from early infancy throughout the 3-y observation period, attaining plateau BA values of~130 wk at a CA of between 125 and 130 wk. Treatment with E 2 or the estrogen precursor T during the first year of life markedly accelerated skeletal maturation during the phase of steroid administration. Even though E 2 treatment was discontinued a few weeks prematurely, the BAs of each of the E 2 -treated animals, like those of the T-treated monkeys, had, by 67-71 wk of CA, progressed to or exceeded the target pubertal BA of 130 wk. In striking contrast, a comparable period of treatment with the nonaromatizable androgen DHT, which produced plasma DHT levels similar to those observed for T during T treatment, failed to accelerate 
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BA. These findings suggest that E 2 is the steroid responsible for skeletal maturation in the rhesus monkey and are consistent with several clinical observations. First, patients with mutations of the genes encoding estrogen receptor (ER) (25, 26) and aromatase (27, 28) exhibit retarded bone maturation. Second, epiphyseal maturation is more rapid in female individuals, and this has been attributed by some to higher E 2 levels in prepubertal girls than in prepubertal boys (29) . The latter view, however, has been challenged (30) .
Although DHT failed to promote bone maturation in juvenile monkeys during the 55-wk treatment period, withdrawal of this pure androgen led to an acceleration in BA equivalent to that observed in the E 2 and T treatment groups during steroid administration. As a consequence, the attainment of a pubertal BA (87 wk of CA) was also advanced in the DHT-treated monkeys. At the end of the study period, the rank order of the mean BA ages by treatment was E 2 ϾTϾDHTϾC, indicating that gonadal steroid treatment within the first year of life had permanent effects on skeletal maturation.
As expected, all gonadal steroids induced a significant advancement of SA during treatment. At the end of the experiment, there was little difference between the SA of the steroidtreated groups, whereas all were significantly heavier than control animals. After steroid withdrawal, the rate of progression of SA returned to the slope followed by the control group regardless of the SA attained during previous steroid treatment. Treatment with steroids also advanced linear growth.
Of particular interest was the finding that whereas E 2 or T treatment resulted in an acceleration of body weight gain concomitantly with an increased rate of bone maturation, DHT administration accelerated body weight without advancing BA. This action of DHT to selectively accelerate somatic growth is supported by most but not all of the clinical data (31-37), indicating that oxandrolone, a synthetic nonaromatizable androgenic compound, is growth promoting in children. The posttreatment acceleration of bone maturation after withdrawal of DHT may be described as a "catch-up effect" and is somewhat reminiscent of catch-up growth in refed, nutritionally deprived children such as those with psychosocial dwarfism and other endocrinopathies, such as hypothyroidism and Cushing's syndrome (38, 39) . The drive for the acceleration in BA after DHT withdrawal is unknown. It is reasonable to speculate, however, that it must be the product of the incongruent relationship between body size (large body weight and linear dimensions) and retarded skeletal maturation that was in existence at the time of DHT withdrawal. If this hypothesis is accepted, then it may also be proposed that during DHT treatment, when the incongruent relationship between BA and body weight was developing, the nonaromatizable steroid, in addition to its positive effect on body weight, may have exerted an inhibitory action on bone maturation. In this regard, it is interesting to note that DHT had a negative effect on proliferation and differentiation in a human fetal osteoblastic cell line expressing a physiologic number of androgen receptors (ARs) (40) . It seems reasonable, therefore, to further propose that during prepubertal development, when gonadal steroid secretion is minimal, bone maturation may be linked primarily to somatic growth velocity.
It has been recently argued that, in humans, estrogen, in addition to being the primary signal for advancing BA, may be the critical steroid responsible for the pubertal linear growth spurt, as it has been reported that aromatase-deficient men had no "pubertal inflection" in their growth curves (41) . Furthermore, patients with complete androgen insensitivity syndrome, in which ER is the only functional sex steroid receptor, show a pubertal growth spurt that is typical of normal individuals (42) (43) (44) . Conversely, evidence that activation of AR may contribute to pubertal growth is indicated by numerous clinical studies showing the nonaromatizable androgens oxandrolone (33) (34) (35) (36) (37) and DHT (45, 46) to be as effective as T in promoting linear growth. Evidence also exists to suggest that exogenous estrogens do not initiate a complete growth spurt (47) . Parenthetically, it should be noted that, in the present study, E 2 treatment did not seem to restrict linear growth in agonadal male monkeys during the experimental period. Whether this observation indicates a significant difference in the E 2 effects on epiphyseal growth plate of the monkey and the human is yet to be ascertained.
ER and AR both are expressed in human epiphyseal plate and bone cells throughout pubertal development (48, 49) . In this regard, DHT has been shown to stimulate DNA synthesis and cell proliferation in epiphyseal rat chondrocyte in primary culture (50) , indicating a growth-promoting effect of this steroid on epiphyseal cartilage. A role of AR in the pubertal growth spurt is also supported by the present finding that DHT was equivalent in its effects on linear growth and other somatic growth indices to both E 2 and T. Therefore, unlike the case for BA, where E 2 may be the singular steroid responsible for pubertal bone maturation, both ER and AR probably play important roles in supporting the pubertal linear growth spurt. In the present study, although BA was among the best correlates of the onset of the pubertal resurgence of LH release, this relationship was not statistically significant. Nevertheless, it is remarkable that two of the three T-treated monkeys exhibited a precocious resurgence in LH secretion~60 wk before that in control monkeys but after attainment of a pubertal BA, by 4 -6 wk. Moreover, the resurgence in LH secretion in these two animals was coincident with withdrawal of T treatment, and it therefore is possible that the potential for a pubertal mode of hypothalamic GnRH release was attained even earlier and was held in check by an inhibitory feedback action of T. The reason for the transient 20-to 25-wk interruption in the pubertal mode of LH secretion in these two animals is unclear but may be related to a decrease in body mass index (presumably as a result of loss of muscle mass after T withdrawal) that was noted in these two monkeys during the hiatus in LH secretion. GnRH-dependent precocious gonadarche in humans is often associated with advanced skeletal maturation in pathologies that result in early, chronic exposure to sex steroids, such as in adrenal hyperplasia (14) and familial testotoxicosis (15) . In these disorders, treatment of the symptoms (eliminating the overproduction of androgens) reveals premature pubertal gonadotropin secretion in patients with a pubertal BA. More that 50 y ago, van Wagenen (51) demonstrated that exogenous T could induce precocious gonadarche in prepubertal female monkeys. In that study, T administration starting at 5 mo of age resulted in precocious menarche accompanied by accelerated growth. It is noteworthy that the T-treated animals in this early experiment attained a body weight and length comparable to 2-y-old monkeys at the time of menarche, which occurred at a CA of 1 yr. A role of BA in regulating the timing of the pubertal resurgence in GnRH release is also suggested by the observation that, in children with true isolated growth hormone deficiency (17) , sexual maturation occurs late for CA but at a normal pubertal BA. Although in the present investigation, the attainment of a pubertal BA was not necessarily associated with progression into puberty, in 9 of the 10 animals that completed the study, attainment of a pubertal BA preceded the pubertal resurgence of LH secretion. These observations suggest that attainment of a pubertal BA may be a prerequisite but not sufficient for triggering the onset of the normal pubertal process.
Finally, the present data indicate that, in the male monkey, SA may be more tightly coupled to the onset of pubertal LH secretion than either BA or linear growth. Cross-sectional and longitudinal studies in the human are also indicative of a strong association of weight status with the timing of the onset of puberty in both sexes (52) (53) (54) (55) (56) . Individuals with higher body mass at a certain age had an earlier onset of puberty. Although the precise physiologic mechanisms underlying this association between somatic growth and puberty remain unknown, the tantalizing relationship between indices of somatic development on the one hand and the onset of pubertal LH secretion on the other is consistent with the idea that a circulating cue(s) reflecting somatic maturation may serve as a signal to the hypothalamus to regulate the resurgence of pulsatile GnRH release and, therefore, the timing of gonadarche.
